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Now what?
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@ Discovered a Higgs boson at125 GeV, remarkably SM like properties.

@ Era of precision Higgs physics fast approaching.

@ Can we use these measurements to gain insight into new pRysic

@ In particular, if new heavy colored fermions, may expectdsigroduction to be sensitive
to physics of extended sector.
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Introduction

Single Higgs Production

@ Single Higgs production proceeds via triangle diagram:
@ Only sensitive flavor diagonal Higgs couplings.
@ Not enough information to probe structure of new sector.

@ However, double Higgs production also includes a box diagtsat may be sensitive to
different couplings.
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Introduction

Double Higgs Production

i

©

Double Higgs production proceeds through triangle and bhagrdms.
The box diagrams involve flavor off-diagonal couplings.

¢ ©

Additionally, thes-channel diagram sensitive to Higgs trilinear coupling.
o Directly probe structure of Higgs potential.

(]

Will focus on effects of heavy new colored fermions.

©

However, flavor-off diagonal couplings not enough, to usthierd will analyze Low
Energy Theorems (LET):

@ The limit in which the particles in the loops are much heathi@n other energy
scales of the process.
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Low Energy Theorem

Low Energy Theorem in SM

@ Inthe limit py — 0 Higgs coupling looks like a vev insertion (assume parsiole>>> my)
@ If masses proportional to vev, as in SM, have low energy graor
lim M(X+H)
pn—0 z )
@ X is some process with a Higgs.
@ Apply many times find the effective operatap, = ﬁGﬁvGa“" log <¢v q;)
@ @ is the Higgs doublet.
@ What if particles have other sources of mass?
@ Notice the forgg fusion, the above LET looks like derivatives of tfBdunction.
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Low Energy Theorem

Calculating LET

@ Inlimit py — 0, looks like QCD beta function corrections.

@ Considering only colored fermions:

M (D) M (P)
12

1 1 g2 (W)
= G GaW — _ (1_ S2 ™ log det
Az (W M A \~ 24w 09

@ M(®) is the Higgs dependent mass matrix.

) GR,G*

@ Effective Lagrangian:

+
Lett= ;T?[GﬁvGa"“" log detiM (P)M(®)
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Low Energy Theorem

Mass Dependence of LETs

M (®)M (@)

@ Effective Lagrangian: Letf= ;Tj_[ G G*" logdet 2

@ Expand abou® = (v+H)/+/2 to obtain effective Higgs interactions.
@ In this formulation, can obtain LET with fermions in any massis.
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Low Energy Theorem

Mass Dependence of LETs

M (®)M (@)

12

©

i ian: _ YUs qa caw
Effective Lagrangian: Leff= 5 4T[G“"G logdet

©

Expand abou® = (v-+H)/+/2 to obtain effective Higgs interactions.
In this formulation, can obtain LET with fermions in any massis.
If particles get their mass only from Standard Model Hig@s(®) = 2 (0)®:

¢ ¢

MT(P)M (D
Lett = 24 ~—Gh Ga“"logdet%

asN 5 ~aw o'e
oA G G**log 2

@ N = number of heavy patrticles.
LET insensitive to couplings and masses of the new sector.
Results in substantial deviation in Higgs production rate.
To obtain results consistent with current data, new steged madditional mass sources.
Study vector-like fermions, such that he8g(2),_ invariant Dirac mass.
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Low Energy Theorem

Effective Operators

@ Up to double Higgs production and for generic masgg$s generates two
OperatOl’EPierce, Thaler, Wang JHEP 0705 (2007) D70

oto H H2
a caw > ¥ a 0
o= 12rrG = 12rrG c* (v 2v2)
oo H H2
_ a, v a ~au
Op=— G Iog( ) 1 G G ( +22)

@ Have effective Lagrangian:

H H?2
=C101+ 00 =~ 2nGa GHH {(Cl +e) 5 +(e—c2) F}

@ Measuring both single and double Higgs rates can give ihgigh masses and couplings
of colored particles in loops.
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Low Energy Theorem

Questions

@ How well can we measure double Higgs rate?

@ How well do the LETs work?

@ What type of colored fermions and couplings give deviatimasn SM-like single and
double Higgs productions?

@ Singlet top partner.
@ Mirror fermion pair.
@ Vector-like quark pair with SM mixing.

@ Given nearly SM-like single Higgs production cross sectian we get a significant
enhancement in double Higgs production?
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Standard Model

Standard Model DiHiggs production

9 "000000

t t t

4.000000) ———p

@ Sensitive to Higgs trilinear coupling and possible new fts/s
@ Cross section of 40.2 fb at 14 TeV at NNLQie Fiorian, Mazzitelli, PRL111 (2013) 201801
@ Top mass effects important for NLO K-factagggo, Hoff, Melnikov, Steinhauser, NPB875 (2013) 1
@ Most likely most sensitive final state ggg — HH — bEW Baur, Plehn, Rainwater, hep-ph/0310056
@ In bEW channel with 3 ab? (with NLO rate)snowmass Higgs Working Group; Yao, 1308.6302

14 TeV | 33 TeV | 100 TeV
S/vB 2.3 6.2 15.0
Trilinear uncertainty| 50% 20% 8%

@ Maybe combine channels to increase LHC measurement toc80&prapaefstathiou, Yang, Zurita,

1301.3492
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Standard Model

Standard Model

4 OO0 - ¢ ---H 4 ; %

t t t - =<
e B [ t \
4.000000) & 7 H g 5

@ Parameterize amplitude fg?H(p1)g®V (p2) — H(p3)H(Pa) Glover, van der i, NPB309 (1988) 282
a
AL = 8711\5/265“’ P (1, p2)Fa(s,t,u, @) + P4” (p1. P2, P3)Fa(s,t, u,m¢)

e P; andP; are orthogonal spin-0 and spin-2 projectors.
@ Partonic cross section:

dé(gg—HH) _ af |R(st.umf)’+|F(stunmf)l?
dt 21573v4 &

@ Can directly expand function in/ir to see convergence of series.

@ LET corresponds to LO piece.
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Standard Model

Standard Model

9 7000000 === E I ---H g ; JH

t ’
t t t :HL <

- = = N
4000000/ = Y H g t H

@ Partonic cross section:

dé(gg—HH)  of |Fu(st,um)[®+|Fa(st,unp)®
dt 21534 &
@ Inlow energy limitcy =1 CHHy = —1:

4 4m?
Fa(s.t,u,mf) |LeT— <—§ + s—rrljﬁ )S R(s,t,u,mf) |LeT— 0

@ Atthresholds= 4my, F; — 0.
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Standard Model

y of Expansion

pp-HH, m, =125 GeV

CT10 NLO PDFs
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@ LET appears to give good approximation to total cross searound 14 TeV.
@ Distributions ofMyy are not convergent in the expansion.
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Standard Model

Accuracy of Expansion

Standard Model ]
f CT10 NLO Standard Model
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Approximate answer at 14 TeV appears to be accident.
Partonic cross section diverges.

Hadronic cross section largely determined by where pdf iseggions cuts off partonic
Cross section.

Never-the-less, will use LET to try to gain insight into plogsof production cross
sections.
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Additional Heavy Quarks

Additional Heavy Quarks

@ Will focus on additional heavy quarks running in loops.
@ Current direct constraints depend on search strategyHt, T — Zt, T — W etc.
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Additional Heavy

Additional Heavy Quarks

@ Will focus on additional heavy quarks running in loops.
@ Current direct constraints depend on search strategyHt, T — Zt, T — W etc.

= -
= 1 ATLAS Preliminary
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Singlet Top Partner

Singlet Top Partner

@ Want new particle whose mass arises from some place behbigléfidgs.
@ Only concentrate on mixing with® generation SM quarks:

@ Add vector-like singlet top quark: 72,72
: t 7}
® Mass eigenstategt r=( - | =Ulg( LR] b=
’ TR T\ TR
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Singlet Top Partner

Singlet Top Partner

©

Want new particle whose mass arises from some place bebielétdgs.
Only concentrate on mixing with® generation SM quarks:

©

@ Add vector-like singlet top quark: 72,72

. t 7}
Mass eigenstategt r= -~ | =U{g( 5R| b=2!
LR TA\LR

(]

@ Then have fermions mass terms:
~ ~ —2 —2
—Im1 = MU OBE+ NG PTR + A3 PTE + AT, Tg +As T, T +h.c.
o & =ig?0*
Note that by rotating2 and 7, can eliminateZ, 7.
Choose to ben,M1,6.

¢ ¢
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Singlet Top Partner

er

pp-HH, VS=8 TeV
m =125 GeV, M=1 TeV, =0.987
0. —T T
— SM, Exact
— SMand Singlet Top Partner, LET
Singlet Top Partner, Exact
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@ cosf. = 0.987 is smallest allowed by electroweak precision measunéesneyson, Furlan,
1205.4733

@ At most decreases SM double Higgs rate~b$5%.

@ The LET is exactly the same in two cases.
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Singlet Top Partner

Low Energy Theorems, Again

@ Why are the LETs exactly the same for the Standard Model am&thndard
Model+Singlet Top Partner?

@ Parameterize (using = (v+H)/V2):
detM () = [1+F (H /v)] x P(\j,m;.v)
e A, m are fermion couplings and masses

M (®)M (@)

_  Us cacaw
Leff = 241_[GWG logdet 2

Qs
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Singlet Top Partner

Low Energy Theorems, Again

@ Why are the LETs exactly the same for the Standard Model am&thndard
Model+Singlet Top Partner?

@ Parameterize (using = (v+H)/V2):
detM () = [1+F (H /v)] x P(\j,m;.v)
e A, m are fermion couplings and masses

+
_ 9 cacaw M (P)M(®)
Leff = 241_[GWG logdet 2
Qs

@ If F(H/v) isindependent of fermion masses and couplings, then Haggs are
insensitive to new fermion propertiesiioz, Grober, Grojean, Muhlleitner, Salvioni, 120620
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Singlet Top Partner

Low Energy Theorems, Again

@ Why are the LETs exactly the same for the Standard Model am&thndard
Model+Singlet Top Partner?

@ Parameterize (using = (v+H)/v/2):
detM () = [1+ F (H V)] x P(Aj,m;,v)

e A, m are fermion couplings and masses

M (®)M (@)

_  Us cacaw
Leff = 241_[GWG logdet 2

Qs

@ If F(H/v) isindependent of fermion masses and couplings, then Haggs are
insensitive to new fermion propertiesiioz, Grober, Grojean, Muhlleitner, Salvioni, 120620
@ Reproduce SM Higgs rate whentlF (H/v) 01+ H/v.
o NeedF,"(0) =0 forn>2 AND
e F/(0)=1+F(0)
@ Break one of those conditions can get Higgs rates differemt SM.
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Singlet Top Partner

Low Energy Theorems, Again

@ Fermions mass terms:
Ly = MU OBE A DTE + AP DT + AT T + A5 T T2 +hec.
@ Higgs-dependent mass matrix:
by (H+v) A (H+v)
detvly (H) = det( vz
A4 As
v v
(1+ﬂ)det Nz Mz
v A4 As

(1+F(H/v)) x P(Aj,m;,Vv) .

@ F(H/v)=H/v
® F/'(0)=1+F(0)
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Singlet Top Partner

Low Energy Theorems, Again

@ Fermions mass terms:
Ly = MU OBE A DTE + AP DT + AT T + A5 T T2 +hec.
@ Higgs-dependent mass matrix:
by (H+v) A (H+v)
detvly (H) = det( vz
A4 As
v v
(1+ﬂ)det Nz Mz
v A4 As

(1+F(H/v)) x P(Aj,m;,Vv) .

Fi(H/v)=H/v
F'(0)=1+FK(0)
Hence, in LET singlet top partner does not change effect $lggduction rates.

LET breaks down, but maybe if can get large effect in LET carayge effect in exact
result.

¢ ¢ ¢ ¢
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Mirror Fermions

Mirror Fermions

@ Introduce full generation of Mirror quarks with no SM-mixgjn(Sorry for notation
change, these are all non-SM quarks)

7 T2
i = (B) wa e (F) v
L R

—L = MULOB+ AU TS + AcPRPB + ApPRDT?
_l —
TAEWHYR + AF TRTZ + A BrEBE +hic.

@ Mass terms:

@ Mass matrices:

(H+v) (H+v)
% ! 7 AE Mo — Aa 73 AE
A A (H+v) | > A A (H+v)
F D5 G C 2

@ Can no longer factor ol + v from determinant of mass matrices.
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Mirror Fermions

Mirror Fermions

@ Focusing on up-type mass matrix:

Aehp VP [ H\?

= (LHR(HM) xPOLm,Y)

detMy

@ Check criteria if Higgs physics sensitive to new fermions:

2
F(H M) :_iziig(ng) = F7(0) £0

F'(H/v) :—;S\\ivz(l—k%)% =F/(0)=0+£1+F(0)

@ F depends on couplings and masses of Mirror Fermion sector.
@ Mirror fermion sector can effect Higgs physics.

@ Can we effect single and double Higgs rates differently?

@ CH =C1+Cy~1at SMvalue
@ Cyy = C1 — Cp different from SM value of-1
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Mirror Fermions

Mirror Fermions

fi i

@ Triangle diagram LET amplitude relative to SM value (inaddSM contribution, and
are mass basis Higgs couplings normalized)to

Agg—)H T CnL1, CB,B, CB,B,
= 1+A, A= +
A 2M1, | 2My,  2Mg, = 2Mg,
@ Box diagram relative to SM:
box
AggsHH
ASMpbox 1+ Bpox
AggHH

2 2
Chr, C-|2—2-|—2 C%IBI %,8,  CTT,CLT + CB,B,CB,B;
2 2 2 2
4MT1 4’\/|-|—2 4'\/|B1 4MB2 2M1, M, 2Mp, Mg,

@ Boxes sensitive to off-diagonal couplings of Higgs and nemmions.

Abox =
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Mirror Fermions

Mirror Fermions

fi i

@ Triangle diagram LET amplitude relative to SM value (inaddSM contribution, and
are mass basis Higgs couplings normalized)to

Agg—)H T CnL1, CB,B, CB,B,
= 1+A, A= +
A 2M1, | 2My,  2Mg, = 2Mg,
@ Box diagram relative to SM:
box
AggsHH
ASMpbox 1+ Bpox
AggHH

2 2
onn C'|2—2T2 C%IBI C8,8, , CLT,CTL,T + CB,B,CB,B;
4MZ - AME 4ME AME 2Mp My, 2MB, Mg,
@ Boxes sensitive to off-diagonal couplings of Higgs and nemmions.

@ LETs of single and double Higgs rates end up independentsufiate mass scale of
heavy quarks, but sensitive mass difference.

Abox =
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Mirror Fermions

Parameter Choice

@ Original Lagrangian has 7 free parameters:
Htv H+v
2w - A N A o — AA N AE
e D H+v | > H+v
A

@ Going to mass basis have 8 parameters:

4 maSSGSMTl,MTz,MBl,MBZ
at b
o 4angles® .67 ¢
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Mirror Fermions

Parameter Choice

@ Original Lagrangian has 7 free parameters:

H+v H+v

M, = e e ap— (M2 e

)\F )\DH+V ’ D H+v
\/_

@ Going to mass basis have 8 parameters:

4 maSSESMTl,MTz,MBl,MBZ
at b
o 4angles® .67 ¢

@ SinceMy andMp have a common parameter, can remove one angle d.o.f.
@ Can replace another angle with deviation from SM in singlggdiamplitude

_ cnm + CnLT, , CBiB; |, CB:B,
2M1,  2M7, 2Mp, 2Mg,

@ Can then clearly see relative deviations in single and dohliggs rates.
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Mirror Fermions

Parameter Choice

@ For simplicity and to avoid large corrections to obliquegraeters assume equal masse:
for doublets of heavy quarks:

Mr1=Mp1=M Mr2=Mg2=M(1+9)

@ After these choices have 5 free parameters:
@ M: Heavy mass (which LETs are independent of)
@ &: mass difference
@ A: Deviation from SM single Higgs amplitude.
o 6.6
@ To make equations simpler, have defir@ = etbi Gt,ib
@ Will also introducelyoy, the deviation in the double Higgs amplitude.
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Mirror Fermions

Parameter Scan

e |a[<0.1
+ B,,>015

@ Forced into the limig"° ~ /2
@ A deviation from SM single Higgs amplitude
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Mirror Fermions

Deviation in Two Higgs Amplitude

My =My =M, My =M, =M(1+3), 0 =m2

M = M = [
My =My =M, My =M, =M(L+), 6/ =72

- 5=1

Blue: o0=1
Magenta: 0=0.75
Red: 0=05

Black: 0=0.25

@ A deviation from SM single Higgs amplitude.
@ d: mass separation betwebtg,, M1, andMg,, B,
@ Double Higgs coupling does not increase frém: O.
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Mirror Fermions

Obligue Parameter Constraints

95% CL Allowed Region From STU Fit 95% CL Allowed Region From STU Fit
m, =125 GeVA=-0.1,8 =2

o £,,20.15

p
p
o]
;E

sin ef
A=-01

Red shaded region allowed by oblique parameters.

A : deviation from SM single Higgs amplitude.

4 : mass separation betwebty,, Mt, andMg,, Br,

EW precision eliminates most of region with large deviation
M =800 GeV @' =r/2

© 606 6 ¢
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Mirror Fermions

Obligue Parameters Constraints

95% CL Allowed Region From STU Fit
m, =125 GeVA=0.1,6 =r2

. qb
sin®,

A=01

@ Red shaded region allowed by oblique parameters.
@ Eliminated region with large deviation.

lan Lewis (BNL) Fermions and Higgs Physics Santa Fe, 6-30-2014



Mirror Fermions

DiHiggs Rate

pp-HH, Vs=8 TeV pp-HH, Vs=8 TeV
m, =125 GeV.9,’=0, 0 =12, 4=0 m, =125 GeV,"=0, 6 ‘=172, 4=0.1
003+ v e e 0.02—— R R !
[ — SM, Exact ] L — SM, Exact 1
0.025 Low Energy Theorem (SM and Mirror Fermiods0.2) _| SM, Low Energy Theorem
L ~~ Mirror Fermions, Exac®=0.2 ] — - Mirror Fermions, Exac=0.07
F R _ 0,015 Mirror Fermions, Low Energy Theore:0.07 —
I~ [ ]
o o002l o 1 3
& " 18 f
Q [ ]
S [ 1 £
= £
0.015— — T 0.01— —
T r 1 T
2 | 1 =
= r 1 o r 1
S 001 ] 3
© r 1 ©
r 1 0.005— —
0.005y7 B
e T o ] P N B ]
%00 400 500 600 700 800 900 10¢ 300 300 400 500 600 700 800 900 10¢
M, (GeV) M, (GeV)
A=0,5=02 A=140.1,5=007
Negligible effect on DiHiggs rate. Decreases the DiHiggs rate.

@ A deviation from SM single Higgs amplitude.
@ &: mass separation betwebty,, Mt, andMg,, B,
@ 82 =0 6" =m2 M=800GeV
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Mirror Fermions

DiHiggs Rate

pp-HH, \/s:‘S TeVv

m,=125 GeV,"=0, 0 '=1u2, A=-0.1

0031+
— SM, Exact
SM, Low Energy Theorem
— - Mirror Fermions, Exac=0.4
- PN — Mirror Fermions, Low Energy Theore@s0.4 -
% 0.02]
]
=
Ke)
=3
T
T
=
k=)
B 001
°
l?4300 400 500 600 700 800 900 10¢
M, (GeV)

® A=-01,6=04

@ 82 =0 6" =m2 M=800GeV

@ Increases the DiHiggs rate by 15%

@ A deviation from SM single Higgs amplitude.
@ &: mass separation betwebty,, Mt, andMg,, B,
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Vector Fermions with SM Mixing

Vector Fermions with SM Mixing

@ Finally, will analyze the addition of a heavy vector fermigeneration that mixes with
34 generation SM quarks.

@ Matter content:

. . T
@ Heavy vector-like quark doublets and singlefs= ( B > ,U,D

be
@ Same as Mirror fermion case with SM Higgs mixing added.

. i
o 39 generation quarks: q. = ( - ) R, bR
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Vector Fermions with SM Mixing

Mass terms

@ Define basix} g = (t,T,U)Lr, X’ g = (b,B,D)
@ The mass and Yukawa interactions are then:

Ly = XIMOh)xk+XPM® (hx& +hc.,

@ Higgs-dependent mass matrices:

V2 V2

MOMH) = [ ae(fE) M n(ER
Ms )\3(H7+2V) My
M) Ma o ae(RR)

MOIH) = | Aao(PE) M (B2 |
Ms  Au("E)  Mp

@ Three up-type quarksly, T, T3) and three down-type quarkBi, By, B3).

@ Clear Higgs dependence does not factorize from couplingheess dependence in
determinant.
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Vector Fermions with SM Mixing

Top quark LET

@ Integrating out only the three heavy top quarksltgg coupling is:

LY = 8D {1+ a0 <7)‘1At A )} GAGh

hos ~ 121rv X W
@ TheHHgg coupling is:
2
L(t) . _&hiz 1- 2)\3V2()\1)\t—)\7)\9) B 2)\3V2()\1)\t —)\7)\9)) GA’WGA
hhgg — 2471 \2 X X W
\'
o X=———detM(0
Vi ©)

@ Violet: Heavy-light coupling Red: Heavy-heavy couplingBlue: Light-light coupling
@ Deviations from SM only depend on one coupling combinatieith opposite signs for
single and double Higgs coupling.
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Vector Fermions with SM Mixing

Top quark LET

@ Integrating out only the three heavy top quarksltgg coupling is:

LY = 8D {1+ a0 <7)‘1At A )} GAGh

hos ~ 121rv X W
@ TheHHgg coupling is:
2
L(t) . _&hiz 1- 2)\3V2()\1)\t—)\7)\9) B 2)\3V2()\1)\t —)\7)\9)) GA’WGA
hhgg — 2471 \2 X X W
\'
o X=———detM(0
Vi ©)

@ Violet: Heavy-light coupling Red: Heavy-heavy couplingBlue: Light-light coupling

@ Deviations from SM only depend on one coupling combinatieith opposite signs for
single and double Higgs coupling.

@ ForA3 = 0 have no deviation:

_ H+v

detM® (H =17
( ))\3:0 22

A=0
@ Need to seriously break the LET.
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Vector Fermions with SM Mixing

Top and bottom EFT

@ Integrate out heavy states, have usual LET operators:

h h h
SR RR - - SR RR Y P
N -
Th3 + Iz A > C — ZZ\;)‘
~
990900 - = 9990 AN ~
h h h
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Vector Fermions with SM Mixing

Top and bottom EFT

@ Integrate out heavy states, have usual LET operators:

h
h
; h ; h i h
—_— — — —— / -
N/ -
T273 + TQ,S N % >
~
_— = — —_— N ~
¢ h ¢ h t h

@ This new operator can break the LEdisoz, Grober, Grojean, Muhlieitner, Salvioni, 12062
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Vector Fermions with SM Mixing

Top and bottom EFT

@ Integrating out heavy states @{1/M?):

Lett = —mit—Ytth+cytth? — mybb—Yobbh+cyy Bbi?
Cg0s ~aweawy  Cogds AW w2
+ G E - G
@ Have shift in Yukawa coupings:
oM, W NS
VoY, = \@7+MMU)\3)\7)\9—)\IE(M—S+W
= ﬁ%(l—‘—at)
V2, = V2t (1+d)

@ Four point interactions: cgg = _§mﬁ cg;) = _gm'\;ifb

T ’ 2 2
@ Effective Higgs-gluon couplings:
AMAz  A2hi1 1< A2 g2 A%H{OH

T TTV[TMMy T MMp 2

MZ T MET M2
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Vector Fermions with SM Mixing

Top and bottom EFT

@ Integrating out heavy states @{1/M?):

Leff = —mit—Yith+chith? — mybb— Yybbh-+ ¢ bbt?
+ s ghivgin— I8 A
@ Have shift in Yukawa coupings:
Vo =
= ﬁ% (1+3)
V2, = V2'P (148
@ Four point interactions: cgg = —gmv—ft c<2b) = _gm'\;_zab

@ Effective Higgs-gluon couplings:

Cg = —Cgg=

@ Only three independent parameteis:dy, Cy

lan Lewis (BNL) Fermions and Higgs Physics Santa Fe, 6-30-2014



Vector Fermions with SM Mixing

Mass Hierarchies

@ Although LETs and top and bottom EFT have few parameterktHeibry still consists of
16 free parameters.

@ Want to compare how well the different effective Lagrangiaeproduce the full theory.
@ Will consider different hierarchies of the parameters toify parameter space.
@ Already have natural hierarchig < Mt,, M1, andm, < Mg,, Mg,.
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Vector Fermions with SM Mixing

Hierarchy 1

@ AV < Myg,M5 < M,My,Mp

e
MOH) = | A(f5) M AR

Ms )\S(H—EV) My

M) Ms Ae(RH)
MOIH) = | Ao(RE) M () |,

@ Use mixing angles that scale as

AV AV Mg Mg 02 AV AV AV
Mg Ms M M M My Mp

@ CountA; ~ O(1).
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Vector Fermions with SM Mixing

Hierarchy 1

@ Left and right mixing matrices for transformatiofr,U — Ty, T, T3.

1 2 D2 S

1-36P2 -8 -6 1-68 -6R> -63

wo= | e 1-depr e | vh=| e 1 g2
6

6> —6f12 1 6 62 1-%

@ tis SM 39 generationT is part of vector-fermion doublet] is vector-fermion singlet.
@ 6P parameterizes mixing betweeH Zjeneration and vector-fermion doublet.

@ 05 parameterizes mixing betweeH 3jeneration and vector-fermion singlet.

@ 6" is mixing between vector-fermion doublet and singlet.
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Vector Fermions with SM Mixing

Hierarchy 1

@ Left and right mixing matrices for transformatiofr,U — Ty, T, T3.

1-36P2  —eP 6 1-68 6> -63

vo= | e 1o e | ve=| e 1 e
6

o2 —oft2 1 6 62 1-%

tis SM 39 generationT is part of vector-fermion doublet] is vector-fermion singlet.
8P parameterizes mixing betweel Rjeneration and vector-fermion doublet.

S parameterizes mixing betweel 3jeneration and vector-fermion singlet.

8" is mixing between vector-fermion doublet and singlet.

Solve for EFT parameters 9(82):

e ¢ 6 ¢ ¢

Y, =

4 - &

@ New operators go to zero, and Yukawas revert to the SM.
@ From this approach can see result without doing full catooha
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Vector Fermions with SM Mixing

Hierarchy 2

@ Use mixing angles that scale as

M45 )\iV 2
0~ v ~ M and 0~ —=
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Vector Fermions with SM Mixing

Hierarchy 2

@ Left and right mixing matrices for transformatiofr,U — Ty, T, T3.

2 2
2—%95 —6ep . -69
v o= [eP+efef 136! ol
2 2
o8 -0 1-F (65 +ef?)
2 2
1-36R -0R -63
Vi = o2 1-3(eR%+el?)  —of
2 2
8RO + 63 oK 1- 364

@ tis SM 39 generationT is part of vector-fermion doublet] is vector-fermion singlet.
@ 0P parameterizes mixing betweeff fjeneration and vector-fermion doublet.

@ 6° parameterizes mixing betweef 3jeneration and vector-fermion singlet.

@ 6" is mixing between vector-fermion doublet and singlet.

@ Structure of mixing matrices now different.
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Vector Fermions with SM Mixing

Hierarchy 2

@ Solve for EFT parameters 0(62):

om Dt2  ASt2 M 3M (b2 | AS2
o T ete) T ()
_ Mo/, pb2 s () _ 3My (ph2 | ASK?
Y o= o (1 oRb* _ g8 ) = 2V2 (e +6° )
+M2
- _ _ zth2+eSt2 ZGH'[Z eth +2Mthth
Cg=—Cgg = (20" 6%+ ( )2

2 2 M2 + M2
+(2610% + 65%7) 4 (20107 + gR02) 1 2~ B2 T TBs ghibgHD
Mg, Mg,

@ Possible to get deviations from SM rates.
° cgg is the coefficient fotth?
e cg andcgg are coefficients ohG* G, andh?GGf,
@ Shiftin Yukawa terms depend on same paramete!r_m%landl;b# coefficients.
o If |\/|B2 = M33 ar'ldl\/|'r2 = MT3 find Cg > 0> Cqg-
@ Box diagram dominates, so decreases double Higgs rate.
@ Needd!! anddH opposite signs focgg > 0.
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Vector Fermions with SM Mixing

Electroweak Precision

@ Mixing between vector-fermions and SM introduces deviaim EW gauge boson
couplings.
@ To prevent flavor changing neutral currents, eliminate ngetween states with
different EW quantum number:
@ No mixing between vector-fermion doublet and right-han8&tiquarks:
B =06RP =0
@ No mixing between vector-fermion singlet and left-handé&dl giarks:
St .. gSb _
et~ 6p°=0.
St (t)
@ Also allow smallgy* so thatc,, # 0.

@ Assumptions allow foZ — bb to be the SM value, and there are no flavor-changing
neutral currents between the light and heavy quarks.

lan Lewis (BNL) Fermions and Higgs Physics Santa Fe, 6-30-2014 42/ 4



Vector Fermions with SM Mixing

Electroweak Precision

@ Mixing between vector-fermions and SM introduces deviaim EW gauge boson
couplings.
@ To prevent flavor changing neutral currents, eliminate ngetween states with
different EW quantum number:
@ No mixing between vector-fermion doublet and right-han8&tiquarks:
B =06RP =0
@ No mixing between vector-fermion singlet and left-handé&dl giarks:
St aSbh_
et~ 6p°=0.
St (t)
o Also allow smallg> so _thathh #0.
@ Assumptions allow foZ — bb to be the SM value, and there are no flavor-changing
neutral currents between the light and heavy quarks.
@ With assumptiorBEt = BEb, isospin violation in the heavy-light mixing is eliminated
@ Oblique parameters only constrdifi, and constraints are the same as in Mirror fermio
case.
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Vector Fermions with SM Mixing

DiHiggs Total Cross Section

DU_ o oDt_ Db _ oSt _sb_ HU_ oHD _ b _
6, =0,6=0.0818_ —BLR—GR =0.05,6, =6 =026;=6=-0.2

0" =0"=0p = 0,6, = 0.0810," =0, =03 = 0.05,0)' = 0" =020 =6 =02 5 : T T — T T
s e S s s s s N g
[ 1 4 .
[ . ] OverlOru Hierarchy 2}
[ Hierarchy 2 ] 3 VS =100 TeV 4
11 VS=13TeV - E
r / CT10NLO 1 CTIONLO 1
105" " T T T b ]
Ir ] 1
Fommmmmmmmm e mmmmmmm oo oo e e
0.95 OgrrlOcu _ _ B B [ EFT “Full M, =M, =14M =14M, i
o5 M =Mg =14M =14M | [ =M =14M =14M, ]
[ H=W=2M=250GeV ] | W=H =2M =250GeV |
I I IO RS BN BN BRI . ! . 1 . | . | . ! . ! .
0‘300 800 1000 1200 1400 1600 1800 2600 800 1000 1200 1400 1600 1800 2
M, (GeV) M, (GeV)
2

@ As shown before, LET diverges ¢fS= 100 TeV.
@ EFT closely approximates exact cross section at 13 and 10 Te
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Vector Fermions with SM Mixing

DiHiggs Invariant Mass Distributions 13 TeV

b

=0 =60 = 0. = 0.08147" =], =05'= 0.05.0," = 6]" = 0.2, =6y = -0.2 65 =67"= 03 = 0,6" = 0.0630]" = 0.1,03"= 6 =6}, =6] 7, =0.05
T T T T T T T T T T T T T T
— SM — SM
0.08~ . — -~ Full Theory 0.08~ . — -~ Full Theory
| PN Hierarchy 2 |\~ ™ Top EFT | Hierarchy 2 |\ =~ ™ Top EFT
< —-- SMLET < 27N
> > IS
Boosg- [ %N L= T & 0.06- -
i\g; L M.I.2 = MBz =1TeV '?é L It M.I.2 = MBz =1TeV
E M, =M, =1.4TeV E i M, =M, =1.4TeV
=0.04- T3 By 4 S0.04- T, 7~ VB, B
> VS =13TeV > VS =13TeV
:o’ r W =M, =2 M, =250 GeV :o’ r W =M, =2 M, =250 GeV
0.02- . CTLONLOpdis 4 ™ g0 . _CTioNLOpdfs
./: "‘-’*u—u_,ﬁ__.__‘ T P
/ . -
) S Y A N OMEl v v v L I L T
300 400 500 600 700 800 900 10C 300 400 500 600 700 800 900
M, (Gev) M, (GeV)

@ LET does not reproduce distrubution.

@ EFT closely follows exact distribution.
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Vector Fermions with SM Mixing

DiHiggs Invariant Mass Distribution 100 TeV

== = 0.6 = 00816 = ¢ =07 =0.050" =0 = 02,07 =6}’ =-02 N oy =67"=65'= 0,67 = 0.0630]" = 01,05 = 6] = 0] ;"7 =0.05
3T e T e L R S e e N N i
[ N Hierarchy 2 |—— SM r Hierarchy 2 |—— SM
25 — —— Full Theory| 25 N — —— Full Theory|
Y A N FRRE Top EFT S N Top EFT
S S i R
L L 3
= L ] = L s ]
18- 4 T8 ! B
T T
= T 1= I ]
3 Lo 15 = g
k] L et 1 © L it Lol |
[ 7 VS =100 TeV] Y S as VS =100 TeV]
05- J 4 CT10NLO pdfs] 0.5 ,/ e CT10NLO pdfs]
[ /7 ] [ S ]
7 S A S i R B 7~ S A S B H I BRI
0 300 400 500 600 700 800 900 10C 0 300 400 500 600 700 800 900 10C
M,, (GeV) My, (GeV)

@ LET does not reproduce distrubution.
@ EFT closely follows exact distribution even at 100 TeV.
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Conclusions

Conclusions

@ Current rates for single Higgs production definitively rolg the simple addition of a
new chiral generation.

@ New colored particles need additional mass sources beyeng8M Higgs.

@ By measuring both single and double Higgs production, casipty shed light on mass
the mass generating mechanism of new colored particles.

@ Studied the effects of new heavy vector-like quarks on siagid double Higgs rates.
@ Singlet top quark:

@ After taking into consideration EW precision measuremsiniglet top quark
decreased the double Higgs production by&5%
@ The low energy theorem was unchanged from the SM.

@ Mirror Fermions:

@ Found that can at most increase DiHiggs rate by 17% whilerssging the low
energy theorem triangle amplitude by 10%
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Conclusions

Conclusions

@ Mixing between SM and new vector-quark generation:

@ LET badly diverges from exact cross section at 100 TeV.

@ In addition to low energy theorem, integrating out just teavy partners
introduces a new EFT containing top and bottom quarks.

@ Although many coupling, in addition to the top and bottomniuaasses, EFT only
depends on 3 independent parameters.

@ The new EFT closely reproduces both invariant mass digtoibsi and cross
section of full theory.

@ May be other possible avenues to increase double Higgs rate:

@ Can have new resonances that could increase double Higgsyrat60— 70
timeSBaino, Eberhardt, Nierste, Wiebusch, 1403.1264

@ Also possible to have color octet-scalars reproduce SMesidiggs rate within
25% and have factor of two increase in double Hig@s, Martin, PRD86 095023 (2012)
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